Secondary osteoporosis resulting from specific clinical disorders may be potentially reversible, and thus continuous efforts to find and adequately treat the secondary causes of skeletal fragility are critical to ameliorate fracture risk and to avoid unnecessary treatment with anti-osteoporotic drugs. Among the hyperfunctional adrenal masses, Cushing's syndrome, pheochromocytoma, and primary aldosteronism are receiving particularly great attention due to their high morbidity and mortality mainly by increasing cardiovascular risk. Interestingly, there is accumulating experimental and clinical evidence that adrenal hormones may have direct detrimental effects on bone metabolism as well. Thus, the present review discusses the possibility of adrenal disorders, especially focusing on pheochromocytoma and primary aldosteronism, as secondary causes of osteoporosis.
INTRODUCTION
A decrease in bone strength is an inevitable consequence of aging, starting some years before menopause, accelerating after its onset, and continuing throughout one's remaining years in both men and women. A very large number of heterogeneous causes, collectively defined as "secondary causes of osteoporosis," may also result in bone fragility through a number of mechanisms, independently of age or estrogen deficiency [1] . Actually, secondary osteoporosis affects about two-thirds of men, more than half of premenopausal women, and about one-fifths of postmenopausal women [2, 3] . Importantly, secondary osteoporosis resulting from specific clinical disorders may be potentially reversible [4] . Therefore, continuous efforts to find and correctly treat secondary causes of skeletal fragility are critical to ameliorate fracture risk and to avoid unnecessary treatment with antiosteoporotic drugs.
An adrenal incidentaloma (AI) is an adrenal lesion discovered unexpectedly by radiologic examination performed for reasons other than to evaluate the adrenal gland. Given the widespread availability and use of highly sensitive imaging techniques, the detection rate of AIs is increasing [5] . Although the majority of AIs are nonfunctional benign cortical adenomas, their differential diagnosis must include a wide range of pathologies, including those that are hyperfunctional (hormonally-active) and/or malignant [6] . Among the hyperfunctional adrenal masses, Cushing's syndrome, pheochromocytoma, and primary aldosteronism (PA) are receiving particularly great attention due to their high morbidity and mortality mainly by increasing cardiovascular risk [7] [8] [9] [10] [11] . Interestingly, there is accumulating experimental and clinical evidence that adrenal hormones may have direct detrimental effects on bone metabolism as well. Thus, the present review discusses the possibility of adrenal disorders as secondary causes of osteoporosis.
POOR BONE HEALTH IN CUSHING'S SYNDROME
Cushing's syndrome reflects a constellation of clinical features that result from chronic exposure to excess glucocorticoids of any etiology. The disorder can be adrenocorticotropic hormone (ACTH)-dependent or ACTH-independent, as well as iatrogenic (e.g., administration of exogenous glucocorticoids to treat various inflammatory conditions). Among these, adrenal Cushing's syndrome related to adrenocortical adenoma, adrenocortical carcinoma, or nodular adrenal hyperplasia is classified in the ACTH-independent category. Because the adverse effects of cortisol excess on bone are consistent regardless of an endogenous or exogenous etiology [12, 13] , there is no need to differently consider its impact on bone metabolism depending on the causes of Cushing's syndrome. In fact, glucocorticoid-induced osteoporosis (GIO) including all related etiologies is the most common form of secondary osteoporosis [12, 14] . GIO has extensively been discussed in other review articles due to its clinical importance [13, 15, 16] ; our paper focuses on the roles of pheochromocytoma and PA in bone health.
IMPORTANCE OF SYMPATHETIC ACTIVITY ON HUMAN BONE: LESSONS FROM PHEOCHROMOCYTOMA
The sympathetic nervous system (SNS) has been identified as an important regulator of bone metabolism in mice, primarily via β2-adrenergic receptors (β2ARs). Disruption of sympathetic signaling by knockout of the β2AR in osteoblasts has led to a high bone mass phenotype by increasing bone formation and decreasing bone resorption [17] . Consistently, pharmacological inhibition and stimulation of β-adrenergic receptors in rodents increased and decreased bone mass, respectively [18, 19] . Another study has shown that deletion of the gene responsible for the production of dopamine β-hydroxylase, an enzyme required for the synthesis of catecholamines, causes a high bone mass phenotype in 6-month-old mice [20] .
In spite of the biological relevance of sympathetic activity in rodents, its role in human bone metabolism remains a question. A recent meta-analysis reported that β-blockers were associated with a reduced risk of fracture, with a relatively small effect size [21] . In detail, the risk of fracture was 15% lower in patients treated with β-adrenergic blockers compared to controls independent of gender and fracture site. However, other clinical studies about the association between β-blocker use and bone health have yielded conflicting results showing positive, adverse, or no effects [22] [23] [24] [25] [26] . On the other hand, only three crosssectional studies have investigated the effects of β-agonists on fracture risk, but the results of these studies in chronic obstructive pulmonary disease were all negative [27] [28] [29] . A prospective study reported that selective β2-adrenergic agonists did not affect human bone turnover, either [26] . These inconsistent findings in humans could be explained by the highly heterogeneous characteristics of the included populations in terms of the selectivity, dose, duration, and delivery route of β-adrenergic receptor inhibitors or stimulators. Considering the fundamental difficulty in controlling for diverse confounding factors in clinical studies with β-adrenergic receptor modulators, a disease model simulating sympathetic activity is necessary to adequately assess the role of the SNS in human bone metabolism.
Pheochromocytoma is a catecholamine-secreting neuroendocrine tumor that arises from the chromaffin cells of the adrenal medulla [30] . Because catecholamines are capable of activating the β2AR and the main neurotransmitters of the SNS, pheochromocytoma could be an ideal human model for elucidating the role of sympathetic overstimulation in the pathogenesis of diverse diseases including osteoporosis. Based on these backgrounds, Veldhuis-Vlug et al. [31] hypothesized that catecholamine excess in patients with pheochromocytoma may contribute to increased bone resorption. Specifically, in this retrospective case-control study, cases with pheochromocytoma (n=21) had higher blood levels of the bone resorption marker, C-terminal telopeptide of type I collagen (CTX), than controls (n=126), and adrenalectomy, the surgical removal of the catecholamineproducing tumor, resulted in normalization. In spite of the lack of information regarding the effects on bone mass, this study has an important implication in that it provided evidence supporting the concept of regulation of bone remodeling by the SNS in humans.
To further clarify the role of sympathetic activity in human bone health, we recently investigated the association of cate-
www.e-enm.org 3 cholamine excess with osteoporosis-related phenotypes, especially focusing on bone mineral density (BMD), in a Korean cohort consisting of patients with pheochromocytoma (n=31) and controls (n=280) [32] . After adjustment for potential confounders including age, sex, menopausal status, body mass index, current smoking, alcohol intake, regular outdoor exercise, diabetes, and medication use, patients with pheochromocytoma had 7.2% lower bone mass at the lumbar spine and 33.5% higher serum CTX than those without pheochromocytoma, whereas there were no statistical differences between groups in BMD at the femur neck and total hip and in serum bone-specific alkaline phosphatase (BSALP) level (Fig. 1) . Consistently, both urinary metanephrine and normetanephrine levels were inversely correlated with lumbar spine BMD and positively correlated with serum CTX level, but neither with proximal femur BMD nor serum BSALP. The odds ratio (OR) for lower BMD at the lumbar spine in the presence of pheochromocytoma was 3.31 (95% confidence interval, 1.23 to 8.56) (Table 1) . However, the ORs for lower BMD at the femur neck and total hip did not differ according to the presence of pheochromocytoma. Finally, as observed in the referenced study above [31] , serum CTX level markedly decreased after adrenalectomy. These findings of ours provide the first clinical evidence that catecholamine excess and the resultant sympathetic overstimulation in pheochromocytoma could contribute to adverse effects on human bone through the increase of bone loss, especially in trabecular bone, as well as bone resorption.
A particularly important observation in both the study by Veldhuis-Vlug et al. [31] and our study [32] is that patients with pheochromocytoma showed a markedly higher bone resorption rate without affecting the bone formation rate. This uncoupling in pheochromocytoma can be adequately explained by an animal study with β2AR-deficient mice showing that sympathetic signaling in osteoblasts triggers an increase in the circulating levels of the osteoclast differentiation factor RANKL (receptor activator of nuclear factor kappa-Β ligand) [33] . Furthermore, continuous treatment with a β-agonist in mice reduces bone Values are presented as the estimated means with 95% confidence intervals, from analysis of covariance after adjustment for age, sex, menopausal status, body mass index, current smoking, alcohol intake, regular outdoor exercise, diabetes, and medication use including corticosteroids, antihypertensive agents, bisphosphonates, and hormone replacement. Adapted from Kim et al., with permission from Oxford University Press [32] . CTX, C-terminal telopeptide of type I collagen; BSALP, bone-specific alkaline phosphatase. The multiple logistic regression analyses were performed after adjustment for age, sex, menopausal status, body mass index, current smoking, alcohol intake, regular outdoor exercise, diabetes, and medication use including corticosteroids, antihypertensive agents, bisphosphonates, and hormone replacement.
Copyright © 2018 Korean Endocrine Society mass by increasing bone resorption without suppressing bone formation [19] . All these data indicate that bone fragility associated with sympathetic overstimulation could result from an uncoupling between excessive bone degradation and inadequately balanced bone formation, and subsequent ongoing bone loss.
Although the ultimate goal of bone biology research is to prevent osteoporotic fractures (OFs) associated with high morbidity and mortality, no clinical studies have been performed about OFs related to pheochromocytoma due to the rare nature of the disease. However, both lower BMD as a static marker and higher bone resorption rate as a dynamic indicator are well-established predictors of OFs [34, 35] , and the risk of fracture is much higher when these conditions occur concurrently [36] . Therefore, there is no shortage of current evidence to suggest that pheochromocytoma with sympathetic overstimulation could be a potential risk factor for osteoporosis and related fractures, and should be effectively treated to maintain bone health.
HUMAN SKELETAL DETERIORATION BY ALDOSTERONE EXCESS
PA is a disorder of the adrenal gland characterized by the autonomous hypersecretion of aldosterone and is the commonest cause of secondary hypertension, accounting for 5% to 10% of all hypertensive patients [37, 38] . PA is known to be associated with end-organ damage, particularly affecting the heart, carotid arteries and kidneys, beyond its effects on intravascular volume and blood pressure [39] . Several lines of evidence now point to the important role of aldosterone excess in human bone health as well. By literature search, we could identify three clinical studies assessing the relationship between PA and fracture. Salcuni et al. [40] showed that vertebral fractures tended to become more prevalent among 11 patients with PA than in 15 patients belonging to the non-PA group. A similar result was obtained in the longitudinal population-based National Health Insurance Research Database of Taiwan [41] . In the only study that separately considered men and women in terms of PA and fracture, Wu et al. [41] showed that patients with PA were confronted with a higher risk for all areal bone fractures, especially among female patients. A recent study also reported a higher prevalence of vertebral fractures in 56 patients with PA than in 56 age-and sex-matched controls [42] . Collectively, the existing clinical studies have shown that PA is associated with an increased risk of bone fracture, particularly of the vertebrae.
Despite these consistently adverse outcomes of PA in terms of fracture, studies assessing the association between aldosterone excess and BMD have yielded conflicting results. For example, one study showed that BMD expressed as Z-value at the lumbar spine, femur neck, and total neck was lower in PA patients than in those without PA [40] , whereas there was no difference between plasma aldosterone concentration (PAC) and BMD in another study [42] . Consequently, in spite of the possible detrimental effects of aldosterone excess on human bone metabolism, there are discrepancies between fracture risk and bone mass in patients with and without PA, raising the possibility that aldosterone excess may mainly affect bone quality, another important component of bone strength, besides bone mass.
The trabecular bone score (TBS), which is determined by quantifying pixel gray-level variations on lumbar spine dual-energy X-ray absorptiometry scans, has been introduced as a parameter representing bone microarchitecture [43, 44] . Low TBS values reflected deteriorated microarchitecture and predicted OFs, independent of BMD [45] [46] [47] . Therefore, TBS is regarded as a valuable noninvasive clinical tool in fracture risk assessment as it provides skeletal information that is not captured during the standard BMD measurement [43] . Importantly, TBS can be particularly useful in case of a paradox between fracture risk and BMD, such as occurs in diabetes [48] [49] [50] .
To clarify the potential effects of aldosterone excess on bone properties which are not explained by BMD, we employed this method as a skeletal fragility index in our recent study [51] . In a Korean cohort consisting of patients with PA (n=72) and controls (n=335), women with PA had significantly lower lumbar spine TBS ( Fig. 2A) , although there was no difference in BMD, and PAC was inversely correlated with lumbar spine TBS in women, after adjustment for potential confounders. Compared with women in the lowest PAC quartile, those in the highest PAC quartile had significantly lower lumbar TBS. Importantly, all these observations in women remained statistically significant following the additional adjustment for lumbar spine BMD in the multivariable model. However, BMD at any site of measurement and lumbar spine TBS did not differ according to the presence of PA in men (Fig. 2B) . These findings provide the first clinical evidence that aldosterone excess in PA may contribute to the deterioration of bone quality through weak microarchitecture, regardless of bone mass, especially in women.
The activation of angiotensin II could induce osteoporosis via increased bone resorption [52, 53] . However, PA is a condition that involves the suppression of angiotensin II through a negative feedback due to elevated PAC, indicating that skeletal deterioration in patients with PA may result from the effects of aldosterone excess per se. Several possible mechanisms may explain the association between aldosterone and bone health. First, mineralocorticoid receptors have been identified in human bone cells including osteoblasts, osteoclasts, and osteocytes [54] , suggesting, although still unknown, the possible direct effects on bone metabolism. Second, hyperaldosteronism could increase urinary calcium excretion and consequent secondary hyperparathyroidism, resulting in a negative balance on bone homeostasis [55] [56] [57] . In fact, in some animal studies, the continuous administration of aldosterone to rats induced persistent hypercalciuria and hypersecretion of parathyroid hormone, with a reduction in bone strength [58, 59] . Third, a genome-wide association study showed that genes belonging to mineralocorticoid pathways were strongly associated with phenotypes of bone strength [60] , supporting the potential cross-talk between aldosterone and bone. Fourth, chronic inflammation could be involved in the pathophysiological mechanisms underlying osteoporosis and fracture [61, 62] , and thus the proinflammatory property of aldosterone [63] may indirectly and adversely affect human bone.
CONCLUSIONS
Based on the existing literature, sympathetic overstimulation in pheochromocytoma can contribute to detrimental effects on human bone through the increase of bone loss as well as bone resorption. Furthermore, PA was consistently associated with an 
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